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SUMMARY

An experimental program was aimed at identifying areas in low speed
aerodynamic research where infrared imaging systems can make significant
contributions. Implementing a new technique, a long electrically heated wire
was placed across a laminar jet. By measuring the temperature distribution
along the wire with the IR imaging camera, the flow behavior was identified.
Furthermore, using Nusselt number correlations, the velocity distribution
could be deduced. The same approach was used to survey wakes behind cylinders
in a wind-tunnel. This method is suited to investigate flows with position
dependent velocities, e. g., boundary layers, confined flows, jets, wakes and
shear layers. It was found that the IR imaging camera cannot accurately track
high gradient temperature fields. A correction procedure was devised to
account for this limitation. Other wind-tunnel experiments included tracking
the development of the Tlaminar boundary layer over a warmed flat plate by
measuring the chordwise temperature distribution. This technique was applied
also to the flow downstream from a rearward facing step. Finally, the IR
imaging system was used to study.boundary layer behavior over an airfoil at
angles of attack from zero up to separation. The results were confirmed with

tufts observable both visually and with the IR imaging camera.




PREFACE

This is a report of a research that was aimed at proving concepts, and as
such was exploratory in nature. In order to keep the cost of the program
within the assigned limits of the budget, some measurements were made with
devices that were readily available in the laboratory. Some of these devices
had an accuracy that may be judged as too coarse. At that time, the opinion
was that as long as the measurement errors could be established quantita-
tively, they sufficed for achieving the research purposes and paved the way

for future investigators to apply the developed methods to their own research.
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NOMENCLATURE

cross section area
or circumferential area

specific heat
or constant in the power function freestream velocity distribution

skin friction coefficient
speed of light in vacuum
diameter

radiation emissive power
body force

Grashof number

convective heat transfer coefficient
or Plank constant

thermal value
electrical current

thermal conductivity
or Boltzmann constant
or constant in the power function wall temperature distribution

length
mass
photon emittance number

medium index of refraction
or degrees of freedom

Nusselt number

number of the coefficients fit in the regression equation
pressure

Prandt1 number

heat generation rate

heat flux

pipe radius
or electrical resistance
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€

Ra Rayleigh number

Re Reynolds number
r radial position
r2 statistical coeffcient of determination
s airfoil surface arc length
St Stanton number
T temperature
U freestream velocity
X distance from the leading edge
Greek Symbols
« thermal diffusivity
or angle of attack
5 boundary layer thickness
€ emittance
6 reduced wall temperature
A radiation wavelength
B absolute viscosity of the air
v kinematic viscosity of the air
or photon freguency
[ density
o Stefan-Boltzmann constant

or standard deviation

o viscous dissipation function

Subscripts

a air
b black body radiation
c value based on chord length

vii



value based on diameter

value at film temperature

constant volume value

wall

value based on distance from the leading edge
radiation spectral value

freestream property

viii



Chapter 1

INTRODUCTION

A quarter of a century after infrared imaging systems were introduced
commercially, they are still rarely used in aerodynamic research. The
perception of these systems as an exotic tool limited their application to a
few specific tasks. This reality is rooted in the history and in the everyday
practice of aeronautical engineering. Since the primal interest is on the
forces acting on a given body, pressure measurements come out as the natura)
measurements choice. This traditional approach is very useful 1in design
studies that are mainly concerned with forces and moments impressed on the
body by the external flow. However, it has little to offer wﬁen it comes to
understanding and analyzing the interaction between the body and the viscous
fluid that takes place through the boundary layer. When viewed globally, the
two views are, of course, interconnected because the geometry of the body and
the freestream velocity will determine not only the pressure-dependent forces
but a]sq the character of the boundary layer whether laminar, turbulent, or
separated. In the case of attached boundary layer flow, its regime, whether
laminar or turbulent, will determine the magnitude of the skin friction
drag. However, a separated boundary Tlayer completely alters the external
flowfield about the body and totally changes the pressure distribution on
it. Thus, there is the need for a complimentary measurement technique that

will offer insight into the whole picture of the fluid-body interaction.

In the same way that the pressure distribution reflects the momentum
exchange between a fluid and a body, the temperature distribution reflects the
energy exchange between the two. The difference is that the energy exchange

process is related to all of the interaction aspects related to the external



flow, the boundary layer flow and the substrate thermal diffusion. This
aspect was recognized a long time ago and led directly to the introduction of
hot-wire and hof-fi]m gages for boundary layer research. However, these
sensors (like most of the others) can provide information that can be related
only to their Tocations, and this is one of their shortcomings. It is the
capability of infrared imaging systems to scan large areas in a dynamic
fashion, and produce quantitative results related to the surface temperature
that make them an attractive alternative aerodynamic research tool.
Unfortunately, conservative thinking played a major role in the failure to
recognize the full research potential of these systems. The following
Titerature survey will point to the very few applications the ipfrared imaging
systems have seen. The survey is divided in two parts: aeronautical research
establishments and universities. The big gap in financial, manpower and time
resources between the two had a clear impact on the span of the research

output.

1.1 Research at Aeronautical Establishments

1.1.1 Sweden

It seems that the first usé of an infrared imaging system for aerodynamic
research was made at the Aeronautical Research Institute of Sweden by Thomann
and Frisk* (1967) which used an IR system to measure surface temperatures on a
model in a hypersonic wind tunnel and to deduce heat transfer rates from the
data. For reducing the data, the material beneath the model's skin was

assumed to be a semi-infinite slab. This allowed to use well-known analytical

*Complete citations are found in the alphabetical list of references section.



results from the heat-conduction theory (e.qg., Eckert and DOrake, 1972, pp.
168-176). This concept and the data reduction method was later adopted with
Jittle or no change at all by most of the groups working on this subject.
However, Thomann and Frisk were not the first investigators to make the semi-
infinite slab assmuption to deduce heat transfer rates from surface
temperature measurements. This idea was borrowed from the phase change paint
technique which later evolved into the thermographic phosphorescent paint
technique. The interested reader can consult Jones and Hunt (1966) and
Throckmorton (1972) regarding to the data reduction procedures originating

from this technique.

1.1.2 France

The French at the Office National d'Etudes et de Recherches Aerospatiales
(ONERA), were the first to realize the potential of infrared imaging systems
to detect fhe laminar to turbulent boundary layer transition in the Jlow
subsonic regime (Bouchardy et al., 1983). This application is made possible
by the fact .that at the transition point there is an order of magnitude
increase in the convective heat transfer rate. Thus, the transition line can
be seen on an infrared imaging system display as a jump 1in the skin
temperature going from low values in the laminar zone to high values in the
turbulent zone, where the skin temperature is intially at the free stream
temperature. Because at very low Mach numbers the temperature differences may
not have been high enough to generate a good contrast on the IR thermography,
the authors analyzed the raw data by applying digital image processing
techniques. The effort was beneficial to other researchers as well, who made
successful use of that capability (Schmitt and Chanetz, 1985). Lateiy, the

effort at ONERA is concentrated on developing this method for use in cryogenic



wind tunnels that will allow transition studies at higher Reynolds numbers in
ground test facilities. A first effort in this direction was to carry-out
experiments at 240K. A short and succinct enumeration of the difficulties
encountered when making IR measurements in cryogenic environments is given by
Seraudie et al. (1988). A further contribution to the use of infrared imaging
systems was made by Balageas and Ory (1985), who reviewed the previously
mentioned semi-infinite slab assumption and showed in which cases it can lead
to significant errors. To refine the calculation methods, a technique was
developed that takes into account the curvature of the wing, its skin

thickness, as well as the thermal boundary conditions at the back of the skin.

1.1.3 West Germany

According to a survey by Mordoff (1988), the Deutsche Forschungs-und
Versuchsanstalt fur Luft-und Raumfahrt (DFVLR) conducts an extensive and
systematic experimental program designed to prepare a data base of flow regime
characteristics of wings and airfoils. The program includes both wind tunnel
and flight tests (Quast, 1987), the infrared imaging system being the
transition detection tool. Laminar flow data were recorded at Mach numbers
varying up to 0.7, altitudes up to 10,000 m and sweep angles up to 23
degrees. Further tests are planned to be carried out in order to expand the

range of the parameters of interest.

1.1.4 Japan

A study concerning the film cooling effectiveness of injection from
multirow holes was carried out at the Nationa] Aerospace Laboratory by Sasaki
et al. (1979). In this study, an infrared imaging system was used as a
visualization means for the spreading of the injection fluid. A1l the

temperature measurements were done by thermocouples and their results were



compared with the thermographies in order to determine the <cooling
effectiveness of the various configurations being tested (simple versus
multirow holes). The research was performed in support of jet engines turbine

design efforts, but no directly applicable results have been reported.

1.1.5 U.S.A.

Most of the infrared imaging systems applications 1in aeronautical
engineering reported by national laboratories are linked to the Space Shuttle
program. The beginning goes back to the initial design phases of the shuttle
when the prediction of the heat transfer rates during the entry phase were of
major concern. The first experiments were performed by Compton (1972) at NASA
Ames. This experimental program was very similar to that of Th;mann and Frisk
(1967) in Sweden, except for the fact that extensive use of computers was made
for both data aquisition and data reduction. However, the bulk of the
experiments were carried out later on at Arnold Air Force Station in
Tennessee. The initial study and set-up of the experimental system was done
by Bynum_ et al. (1976). The study, which provided surface temperatures and
heat transfer data, was still general in nature, the measurements being
performed on a cone and a hemisphere at a Mach number of 8.0. Later,
Stallings and Carver (1978) embarked on a program to make heat transfer
measurements on Space Shuttle scale models, using an infrared imaging system
and the phase-change paint method. Besides the obvious and original
contribution to the Space Shuttle design, this group was the first to report
the difficulties associated with infrared imaging system measurements. In a
very extensive testing program, Boylan et al. (1978) evaluated the influence
of the infrared imaging system optics on the overall performance. It was also

showed that the system capability to map a step temperature change along the



scanning direction is much poorer than across it. Tests were also carried out
to determine the system spatial resolution using different size circular
targets at the same temperature. Furthermore, an extensive measurement error
analysis was carried out based on the work of Carter (1975). From ali the
aeronautical engineering groups using infrared imaging systems, the group at
Arnold Air Force Station probably accomplished the most comprehensive analysis
concerning the performance and limitations of this system in wind-tunnel
testings. In two other papers, Stallings et al. (1979) and Stallings and
Whetsel (1982) repeated some of the findings reported in the previous paper.
Using the knowledge and facilities developed at Arnold Air Force Station,
Martinez et al. (1978) performed heating experiments and measurements using an
infrared imaging system on a 0.040 scale model of the Space Shuttle. These
measurements served the Rockwell Corporation in the design of the thermal
protection system of the orbiter and can be considered as one of the very few
but nonetheless great contributions using an infrared imaging system in
aeronautical engineering. Hender and Okabe (1983) made further use of that
expertise.to carry out heating measurements on a wedge type model made of an
elastomer bonded to an aluminium base. It was found that for the wedge
configuration, the semi-infinite slab assumption breaks down when deducing
heat transfer data. Although the outcome could be predicted a priori, its
extent could hardly be so, and for such cases an infrared imaging system may

be the cheapest and fastest means to obtain quantitative data.

Two other applications relating to the Space Shuttle, concern mapping
surface temperatures during the entry phase. In one of them, the temperatures
on the windward side of the orbiters were measured with a telescopic infrared
imaging system mounted on an airborne observatory. The feasibility analysis

was performed by Swenson and Edsinger (1977). Later, Chocol (1979) reviewed



that study in the light of the following experiment objectives: (a) determine
the actual heating rate distribution on the lower surface, (b) the location of
the boundary 1ayér transition, and (c) location and extent of flow separation
in front of the control surfaces. Green et al. (1983) give a detailed
description of how the system works, together with a few representative
results. However, no detailed presentation of the results or their processing
followed up. Meanwhile, this research was cancelled, on financial grounds.
In a second and completely separate experiment, the objective was set to be
the measurement of surface temperatures on the leeside of the shuttle. In
this case, an infrared imaging system is mounted in a pod on the tail of the
Space Shuttle Columbia, from where it scans the orbiter's wings and fuselage.
This experiment is of interest because of the highly vortical nature of the
separated flow over the wings which would impinge on the leeside surfaces.
The final objective is to compare the measurements with results of CFD codes
(Anon, Aviation Week and Space Technology, Dec. 7, 1987). As in the previous
case, no results have yét been published from this unique experiment.
Contributing to the design of the pod, heat transfer measurements were
performed by Nutt (1979). The radiation estimation calculations were done by
Myrick and Kantsios (1982); the description of the infrared imaging system is
given by Myrick and Throckmorton (1985); and, the overall experiment

description is provided by Throckmorton et al. (1985).

Two more noteworthy papers related to infrared imaging applications to
flight testing are: one by Brandon, et al. (1988) from NASA Langley Research
Center in which results relating to in-flight transition detection as well as
mapping a vortex "footprint" on the airplane wing are described. Another
paper 1is by Flaig (1977) from the Naval Air Systems tommand, in which an

infrared imaging system was used to map exhaust gases from a hovering VTOL



aircraft and some helicopters. The results show the very complicated airflow
patterns that develop in ground effect and at low speeds. No follow-up of

this experiment could be found.

1.2 University Research

Applicable references from universities around the world are very meager.
Most of the investigations were done in the United States. It seems that
Champagne et al. (1967) were first to use a microscope-pyrometer to make
temperature measurements along a scaled-up hot-wire probe to determine the
extent of the heat conduction to the supports. Meroney (1978) wused an
infrared imaging system to make heat transfer studies on model buildings in a

wind tunnel. He proved the concept by estimating convection heat transfer

coefficients but didn't proceed further because of lack of a suitable data
processing system. Page et al. (1986) used an infrared imaging system to
determine the temperature distribution in a heated jet at the stagnation point
region. A similar research was done by Carlomagno and De Luca (1986) in Italy
expanding the( research to an array of jets and determining heat transfer
coefficients from the temperature measurements. Finally, Spence (1986) used
the infrared thermography to determine heat transfer coefficients on double

wedge jet vanes used for missiles thrust vector control.

1.3 Perspective on the Literature Survey

The paucity of works documented in archival journals is a good indication
regarding the immaturity of the infrared 1imaging method 1in aerodynamic
research. Only three works, out of all those reviewed, have been documented
in recognized scientific journals (e.g., Int. J. Heat Mass Transfer, J. Fluid
Mechanics, AIAA J.). Furthermore, the relatively long refererce list reviewed

in this chapter is misleading with regard to its usefulness. The papers



concerned with the shuttle entry measurements concentrate on technical
descriptions of the systems and the projected experiments but give no
results. The other papers either go into lengthy descriptions of the infrared
imaging sytem itself, or use them to produce artificially colored pictures,
while the quantitative data was either acquired or heavily backed-up by
thermocouples. Each one of the references adds & little bit of information,
but none of them gives a complete picture, and this is the reason why every
single reference that was found was listed. Of all the references, the most
useful ones are those of Boylan et al. (1978) from Arnold Air Force Station,

Tennessee, and Quast (1987) from DFVLR in West Germany.

1.4 The Present Work

Considering the potential applications of infrared imaging systems in
aerodynamic research, there are at Tleast two distinct paths that may be
followed. The first and the simplest one is to follow the Reynolds analogy
between the heat transfer and the skin friction. Temperature meaéurements can
be performed in order to deduce Stanton numbers and subsequently skin friction
‘coefficients. This approach works in fully developed laminar and turbulent
flows, but it is not applicable in the region of the transition itself and in
separated flows.

The Second approach is more fundamental and goes back to the basics of
the convective heat transfer. As is well known, the dimensionless heat
transfer coefficient, the Nusselt number (Nu), 1is usually expressed as a

function of the Reynolds number (Re) and the Prandtl number (Pr):

Nu = Constant e Re™ prP (1.1)
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For a constant Prandtl number, which is frequently the case in aerodynamics,

Eq. (1.1) can be rewritten as

TR
hx Constant o (J Xy, 0<m<l (1.2)
K, Vg

Let's assume a constant properties flows, as is the case in the subsonic
regime where the temperature doesn't change appreciably throughout the
flowfield. Then, Eq. (1.2) can be expressed
h =h (U, x) (1.3)

where h is the local heat transfer coefficient, x is the coordinate location
of the point of interest on the configﬁration surface, k; is the air
conductivity, U is the local freestream velocity and vy is the air kinematic
viscosity. This expression shows that the local heat transfer coefficient, h,
between a surface and a surrounding flow is a function of the freestream flow
velocity and the configuration geometry, x, if the air properties remain
constant. On the other hand, the heat transfer coefficient h is defined by

Newton's law:
-T) (1.4)

where qé' Is the local heat flux, T, is the local wall temperature and

T_ 1s the freestream static temperature.

Equations (1.3) and (1.4) are the basic formulae to be used for
aerodynamic research using infrared imaging systems. Measurement of the
surface temperature distribution on the body of interest with the IR imaging
system, and knowledge of the geometry, the freestream temperature and
eventually the heat flux, may provide enough data to deduce useful information
about the flow-body interaction. The thrust of the present research utilized

this second approach.
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With the realization that IR imaging systems can produce more useful data
in aerodynamic research than has been generally appreciated, this work
explores the extent to which these systems can be made useful in advancing the
understanding of aerodynamic flow phenomena. As a result, the plan of
research incorporated specific experimental objectives set out to produce an
improved understanding regarding the detection of the Tlow speed viscous
interaction characteristics using IR imaging systems. Specifically, the

following topics were ident.fied to be pursued:

1. Feasibility and validation studies of the heated wire concept.

This method calls for placing a very thin and very long heated wire
perpendicular to the velocity vector of an airflow of interest. By
tracking the temperature distribution along the wire with the IR imaging
camera, it 1is possible to capture the main features of the flowfield.
Furthermore, by using appropriate Nusselt number correlations, the

velocity distribution perpendicular to the wire may be deduced.

2. Boundary layer development over a body of interest.
Experiments and model analysis were planned so that by measuring with
the infrared imaging system the wall temperatures of an actively heated
body immersed in an airflow, the development of the thermal boundary layer

can be tracked.

3. Detection of boundary layer flow regimes over airfoils.

The purpose in this experiment is to expand the applicability of
infrared imaging systems to the detection of separation, beyond the

detection of transition, e.g., Quast (1987).
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The experimental work carried out under this program followed very
closely the preceding stated purposes. Chapter 2 contains a brief review of
an initial set of experiments that were aimed toward checking the feasibility
of the objectives with regard to the heated wire concept and tracking the
boundary layer behavior by surface thermography. Chapter 3 is a short
description of the infrared imaging system, emphasizing the IR imaging camera
operation principles. Chapter 4 describes the evaluation of the heated wire
concept using a laminar circular jet as a test case. Chapter 5 presents the
experimental results and an analysis of the laminar, thermal boundary layer,
which develops over a flat plate, using surface thermography. Chapter 6 is a
study of the boundary layer regimes over a NACA 0012 airfoil from zero angle
of attack up to separation, employing also tufts that could be observed both
visually and with the IR imaging system. Finally, in Chap. 7 the conclusion

from this research are drawn and recommenda%tions for further work are made.
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Chapter 2

THE PRELIMINARY EXPERIMENTS

Since the main objective of this research was to extend the use of
infrared imaging systems to a few important aerodynamic subjects of interest,
the first step was to carry out initial experiments, where the suitability of
the measurement technique could be easily judged according to the results.
The initial experiments and the results are described in detail in Gartenberg
et al. (1987) and only the more interesting results are reproduced here. A
review is made of the main ideas behind each experiment and of the way the

results were evaluated.

2.1 The Heated Wire Technique

The first concept to be tested was the use of a thin, electrically heated
wire as an air velocity detector. The idea was that by measuring temperatures
along the wire while it is immersed in a flow with position dependent
velocities, one may deduce the ‘]ocal velocities through Nusselt number
correlations. This approach is useful when investigating shear flows, jets,
boundary layer and confined flows, wakes etc. In such cases, the local heat
transfer coefficient is mostly a function of the normal velocity component
relative to the wire (Morgan, 1975); but even with this restriction, the
method may be extremely useful to map flowfields unintrusively, since a 0.0762
mm (0.003") slightly heated wire will not have any significant influence on
the surrounding flow. Two experiments were performed in this category:

mapping of an air jet and mapping of the wake behind a circular cylinder.

In the first experiment, the 0.0762 mm (0.003") heated wire was p]éced at

30 cm from the exit of a working heat-gun throwing cold air at 2.5 m/sec.. The
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experimental set-up was identical to that shown in Fig. 4.3 with the
addition that the wire was electrically heated. The measured temperature
distribution along the wire was symmetrical with a minimum at the center of
the jet, where the experimentally determined coefficient of heat transfer on
the wire was in good agreement with the value predicted by a standard
correlation (Morgan, 1975). Although the result was considered physically
correct, the opinion was that the heat-gun flow was not controllable enough in
order to produce a flow field suitable for a thorough investigation. As a
result, the conclusions drawn from this preliminary experiment led directly to

the laminar flow jet experiment described in Chap. 4.

In the second experiment, cylinder wakes were mapped using a heated wire
placed downstream, and again the temperature distribution was found with the
infrared imaging system. The set-up as installed in the 0.9x1.2 m (3'x4') low
speed wind tunnel in which the experiments were carried out is shown in Fig.
2.1. A 10 cm diameter cylinder was tested at a Reynolds number of 90,000, the
wire being placed at 5 and 10 diameters downstream from the cylinder. A
second cylinder, 2 cm in diameter, was tested at a Reynolds number of 18,000,
the wire being placed at 8, 16, 24 and 32 diameters downstream. In all cases,
the qualitative results were self-consistent and agreed with the physical
expectations. A sample result is shown in Fig. 2.2 where the temperature is
plotted as a function of the lengthwise wire coordinate. According to Schmidt
and Werner (Schlichting, 1968, p. 298), the heat transfer rate on the leeside
of a cylinder, where the flow is separated, is equal to, or higher, than that
on the windward side. The behaviour of the heat transfer rate in the
separated flow area of the cylinder is dependent on the Reynolds number based
on the cylinder diameter. In particular, just after the separation point,

there is a jump in the heat transfer rate which is even more sensitive to the
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Reynolds number. These heat transfer features are of course washed downstream
with the flow causing the wake to be a zone of very intense turbuient mixing
with peak values at the edges, thus determining the temperature shape along

the wire as shown in Fig. 2.2.

An important factor that arose during this stage of the research was the
choice of the wire material. From the flowfield point of view, a thinner wire
is more desirable. However, for lengths of wire herewith under consideration
(tens of centimeters), a too thin wire may break easily. Also, a thin wire
may not be resolved by the camera i.e., its surface may not be large enough inh
order to be projected on the whole area of the camera detector. Therefore,
the infrared imaging system wrongly assumes that the photons reaching the
detector come from an area which is equivalent at least to the instantaneous
field of view of the camera for that focal distance, thus giving false lower
temperature readings of the wire. (This aspect of the temperature
measurements with the infrared imaging system will be addressed in greater

detail in the next chapter).

At this point, it seems that increasing the wire diameter may be a
partial solution to the spatial resolution problem of the IR imaging camera
but this is not completely true. A larger wire will disturb the flowfield,
and also, as the wire diameter becomes larger, the spurious reflections from
tne surroundings to the camera start to play an important role in the signal
to noise ratio the camera receives. A separate set of experimeﬁta] runs with
a variety of wire sizes revealed that at 0.381 mm diameter (0.015") the signal
to noise ratio becomes unacceptably large. For example, the presence of
people in the laboratory could be detected through their .body heat reflection
from the wire into the camera. Later it was found that smaller diameters were

also desirable in order to minimize the heat conduction along the wire.
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Minimization of this factor is essential when velocity information is deduced
from the temperature measurements. After trial-and-error experimentations, it
was decided that a 0.0762 mm (0.003") diameter Chromel wire would be the best
compromise for the present task. At this point yet another problem was to be
faced invo]ving the wire surface emittance calibration. The Chromel wire has
a highly polished surface with a typical emittance of 0.05. However, using
this value to determine temperatures with the IR imaging system will result,
as previously noted, in Tlower than actual values because the wire is
unresolved by the camera. In order to get true temperature readings, an
“apparent emittance" lower than the actual should be used. The calibration
procedure is described in Chap. 4. In this context, it should be emphasized
that for optically unresolved targets, the distance from the camera determines
the fraction of the instantaneous field of view the target will cover on the
focal plane. Therefore, emittance calibrations for unresolved targets are

valid only for the specific distance at which they were carried out.

The choice of the wire material should be made after a careful screening
of 1its physicai properties: thé material should have a high electrical
resistivity in order to dissipate enough heat to raise its temperature and be
visible with the IR imaging camera. Also, the temperature coefficient of
electrical resistance should be low so that the wire will uniformly dissipate
the heat 1lengthwise, even if the temperatures vary locally. The material
should be chemically stable, otherwise corrosion may change the emittance, and
thus accurate continuous temperature measurements may not be possible. The
coefficient of thermal expansion should be low in order to prevent elongation
due to the heating that may cause vibrations. The wire thermal conductivity
should be low in order to prevent equalization of the temperature along the

wire through conduction. Finally, the wire thermal capacitance (the product
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of the mass per unit length with the specific heat) should be low in order to
minimize the temperature time response to changes in local velocities. As
already known, all these requirements led to the Chromel wire as the most
suitable choice. On an absolute basis there are materials that fit better to
the criteria established above. However, they fall into the category of rare

metals, and thus their availability and price made their use in this case

prohibitive.

Another problem that arose during the heated wire experiments was the
background radiation interference. Since (as we have seen previously) the
wire is unresolved by the camera, photons originating from the background
surface will hit the detector together with the photons from the target
wire. The problem is aggravated with increasing background temperature and
spatial nonuniformity. To prevent problems associated with background
interference, its surface temperature should be kept at Tleast uniform and
preferrably low. A1l these factors indicate that the actual experiments
should be run under the same background conditions at which the calibration
was carried out. This is the reason why later, the laminar flow jet
experiments (Chap. 4) were carried out against a uniform background made out
of cardboard paper held at constant temperature by the air conditioning system

of the laboratory.

2.2 Surface Measurements for Boundary Layer Research

A second series of preliminary experiments was concerned with detecting
the Tlaminar boundary layer development over a warmed flat plate. The
experimental set-up is identical with that shown in Fig. 5.1 except for the
fact that the leading edge was curved and not sharp as it should be in order

to reproduce a Blasius type flow field. The experiments were carried out in a
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0.9x1.2m (3'x4') wind-tunnel. It is a low speed, return circuit wind tunnel
driven by a 100 HP electric motor. The surface was warmed by a Constantan
wire closely wrapped three times chordwise around the plate with a duct tape
covering it in order to ensure uniform emittance and a smooth surface. The
original idea was to produce a constant heat flux flat plate. However, it
became very quickly apparent that the boundary condition produced is of
constant power heating type. The difference between the two is that in the
former case a constant heat rate is dissipated into the freestream through the
boundary layer, while in the latter the airflow, the surroundings and the
substrate share the constant heat rate dissibated by the wires. The measured
wall temperature distribution was considered physically realistic due to its
similarity to the constant heat flux case (Gartenberg et al., 1987), except
for the fact that after an initial raise with the square root of the distance
from the leading edge it leveled off, instead of continuing the initial trend
(Kays and Crowford, 1980, p. 151). It was concluded that this behavior was the
result of an ever increasing thermal involvement of the substrate, as the
laminar -boundary layer thickens and the convective cooling becomes less
éffective. At this stage, it was felt that this experiment should be
revisited with a wedge type leading edge that would permit comparison of the

experimental with analytic results. Further details are given in Chap. 5.

The last preliminary experiment was to monitor the wall temperature
distribution for air flow over a rearward facing step to observe separated
flow effects. The rearward facing step was produced by placing a right angle
trapezoidal wedge on the flat plate previcusly mentioned, at 5 cm from the
leading edge and parallel to it. The step height was 2 cm. The measured wall
temperatures are reproduced in Fig. 2.3. Four features of the results were

particularly encouraging. The first was that just at the foot of the step
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there is a jump in the wall temperature, that can be explained by the fact
that at the corner, the flow has no velocity components and therefore, the
convective heat transfer there should be minimal. The second feature was
that at the point where the reattachment was believed to take place (x =~ 15
cm), the temperature passed through a local minimum. It is a well known fact
that the heat transfer coefficient 1in such a flow is the highest at the
turbulent reattachment point (Merzkirch et al., 1988), thus explaining the
minimum temperature value there. The third feature was that downstream from
the reattachment point, the influence of the development of the turbulent
boundary Tlayer can be observed on the wall temperature distribution. The
fourth and last feature of this experiment was that the assumed reattachment
point occurred between six to seven step heights downstream of the step. For
a Reynolds number based on the height of the step of approximately 17500, this
result is in excellent agreement with the findings of Eaton and Johnston
(1981). The results of this experiment showed that separated flows can be
detected with infrared imaging systems by mapping the surface of interest.
This conclusion 1ed to the experiment described in Chap. 6 where the
footprints of the airflow about a NACA 0012 airfoil were studied all the way
from the fully attached regime at zero angle of attack up to the post stall
regime.

Before proceeding further with the analysis of the main series of
experiments, it is essential to explain the operational principles of the
infrared imaging system, in order to understand its limitations from an

aerodynamic research point of view.
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2.3 Summary

The preliminary experiments carried out at this stage were critical to
the definition and continuation of the main research tasks. Not only was it
true that the bulk of the work carried out later stemmed directly from this
stage, but also most of the instrumentation and measurement interpretation
problems encountered when using infrared imaging systems 1in aerodynamic

research, were crystalized during this stage.
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Chapter 3

THE INFRARED IMAGING SYSTEM

A measurement system can be useful only to the extent that the operator
understands the capabilities and limitations of his device. Although easy to
use, the infrared imaging systems are very complex electro-optical devices and
their output is influenced by a myriad of factors besides the target surface
temperature. Since, in general, aercnautical engineers are not too familiar
with these systems, it is the purpose of this chapter to review the main

points of interest related to their performance.

3.1 Some Useful References

Infrared imaging systems work on the principles of radiation heat
transfer. This type of heat transfer is based solely on the fourth | wer
temperature difference between the body of interest and its surroundings, and
takes place through electromagnetic radiation at wavelengths between 0.3 to
50 (where u = 1076 m), known as the infrared spectrum. As the name
implies, the IR imaging systems detect this radiation and through electronic
processing of the signals, produce an artificial video picture of the area
scanned in which darker shades are associated with lower temperatures and
lighter shades with higher temperatures.

The infrared imaging systems used for surface temperature measurements
were developed during the sixties as derivatives of the military passive night
vision systems. Although the requirements from the two types are somewhat
different, the operational principles are the same. Lloyd (1975) gives an
excellent overall account of the subject as viewed from his perspective as an
engineer who worked for many years on research and development of such systems

at Honeywell Inc. In a short note, Ohman gives a clear presentation of the
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different requirements from an IR system when it 1is used for night vision
imaging versus imaging for temperature measurements, and the inherent changes
to be made in the former in order to realize the latter. A state of the art
review of infrared detectors is given by Levinstein (1977). Although written
twelve years ago, the article is still relevant as some of the detectors
described there are still 1in use. With regard to the quantitative
determination of surface temperatures wusing an infrared camera, Hsieh and

E1lingson (1977) propose a method that also includes the surface reflection

problem.

Before proceeding with the description of the technical aspects of
infrared imaging systems, it is worthwhile to draw attention to the
proceedings of Thermosense V (1982), that contains a few papers concerned with

the practical aspects of temperature measurements using these systems.

3.2 The Infrared Imaging System

The infrared imaging system used in this investigation was an AGA
Thermovision® 782, The basic system consisted of the scanner and a black and
white display unit that allows direct or relative temperature measurements.
The output from the scanner can be directly recorded on a modified vidicon
recorder (VCR) for later playback. This device was of very little use mainly
because of two limitations: frames could not be addressed individually; and a
lack of a time base that could be recorded on the tape. The basic system was
connected through a data link to a microcomputer BMC IF800 dedicated to the
analysis of the thermographies. A Disco® 2.0 software package is used for the
'image processing and completely occupies a 5 1/4" floppy disk in a read-only
storage mode. Up to 36 individual images can be stored on a second floppy

disk in a read and write access storage mode. The user has the option to
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record single images, or an image that is the average of several images, or to
record a series of up to 16 images at a time at a frequency of 1.5 Hz or
lower. A key feature of this program is the gradual assignment of eight tones
of artificial colors {from black through blue, green, red, etc. to white), for
corresponding gray shades in the original image, thus producing an artificial
sensation of the temperatures in the scanned field. The main advantage of
such a system is the cross-hair cursor that can easily be moved on the screen
and allows the operator to get precise temperature readings at defined
locations of interest. Although the Disco® 2.0 was written specifically for
the BMC IF800 computer, and although the Tlatter has a quite obsolete
architecture, together they make-up a quite versatile system that offers an
abundance of processing options, from which only the main ones have been

reported here,

3.3 The Infrared Imaging Camera

The infrared imaging camera converts electromagnetic thermal energy
radiated from the scene contained in its field of view, into electronic video
signals. These signals are electronically amplified and transmitted to the
black and white display unit where the signals are further amplified, and the
resulting image is displayed on the screen. The camera, or the scanner,

comprises the following main subsystems:
(a) Electro-optical scanning mechanism
(b) Infrared detector attached to a liquid nitrogen Dewar flask

(c) Control electronics and preamplifier.
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As can be seen in Fig. 3.1, the scanning mechanism consists of two
mutually perpendicular prisms. The horizontal one rotates at three rps. Its
optical output is'passed to the vertical one which rotates at 300 rps. Thus,
we get the "lines" and the "columns" of the scanned scene, which is called a
field. Each field has 70 active lines {100 all together) and 130 active
columns. For visual display reasons, the vertical and horizontal motors are
synchronized 1in such a way that four fields produce one interlaced frame.
With a scanning rate of 25 fields per second, 25/4 completely interlaced
picture frames per second are thus obtained. The output from the vertical
prism is focused onto the single element semiconductor detector, which is
located in the wall of a Dewar chamber, and is maintained at.77K by liquid
nitrogen. The detector produces an electronic output proportional to the
incoming infrared radiation. After amplification, the signal is sent via a
cable to the display unit, where absolute or relative temperature measurements

can be made.

Throughout this research, the data was aquired only in the "field" mode,
to take advantage of the higher scanning rate associated with that mode (25
images per second). More information about the system and the way it operates

can be found in the AGA Thermovision® 782 Operating Manual (1984).

3.4 Physical Aspects of the Camera Operation

The operational characteristics of an IR imaging camera are largely
dependent upon the detector characteristics and performance. Each kind of
detector has its own narrow range of detection in tﬁe IR spectrum according to
its chemical composition. Therefore, it is important to find out a priori
whether the expected targets do have a radiation compoﬁent that matches the

detector characteristics. Secondly, since the atmosphere does not transmit




28

Z8L guoistirowsayL Vo

Aompjno pJawpd bul

JOUENOD _
¥3aind

104LINOD
J¥NiIHILY

Y3174 1@VLOIIS - '.

3MN1¥IdY 318V1313S AQ\

AINVIOO0D NIOOHLIN QINON

Howi paJtodjul '€ ‘bi

WSIHd ONINNYIS

TOILH3IA
SN
NOILYWITI0)

40103130
Q34VHINL

NSV HYMIA



29

the IR radiation all along its spectrum, the matching of the detector has also
to fit the "atmospheric windows". This 1is the term used to denote the
wavelength of IR radiation for which the atmosphere is transparent. In the
present case, the sensor is made of Indium Antimonide (InSb), which is
classified as a semiconductor element with a spectral response in the 1.7 to
5.8 p range. However, the spectral response. of the camera (as a system) is
purposely reduced to the 3.5 to 5.6 u by special coatings on the objective
lens. Its operational temperature detection range is between -20°C to 850°C.
The field of view (FOV) of the objective lens of the camera is 20°. The area
projected at any one time on the detector is subtended by an angle of 0.0035
radians, which is also called the instantaneous field of view (IFOV). With a
scanning rate of 25 fields per seconds, each field having 100 lines and 130
columns, the scanning rate is 325,000 IFOV/sec, or 3 u sec per IFOV. With a
time constant of approximately 0.2 u sec (Levinstein 1977), the InSb detector
matches the camera needs. Since the camera design probably started from the
detector characteristics, it is clear that they are the bottleneck for. the

upper limit of the scanning rate.

The InSb 1is a linear photon counting photovoltaic detector. These
detectors are sensitive to the number of photons hitting them (rather than
their energy), once their energy exceeds the energy threshold of the
semiconductor material. In general, the effect of cooling the detector is to
decrease this cut-off wavelength. The calibration curves of the IR imaging
camera can be derived directly from the Planck's formula (Sparrow and Cess

1978, p.6)

2
2nhco

T) = 3.1
ebk( ) n2 xs[exp(hco/nLkT)-ll ( )
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where €y is the spectral emissive power of the black body radiation, h is

Planck's constant, k is Boltzmann's constant, c. is the speed of light in

0

vacuum, n 1is the refraction index of the medium, A is the respective
wavelength and T is the absolute temperature. When Planck's formula is
divided by the energy of a single photon h co/x = hv we obtain the spectral

photon emittance for a blackbody Nxb

2nco ( )
N = 3.2
Ab n2 Xzféxp(hco/nka)-lj

From here, one gets directly the formula commonly used to express the

calibration curve behavior